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- High energy density matter
- Polyhedral oligomeric silsesquioxanes (POSS)

- Non-linear optical materials
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- Ab initio electronic structure theory
- Nuclear-electronic orbital approach

- Centroid Molecular Dynamics

3. Results
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High Energy Density M atter -- next generation rocket propellants

«— High-nitrogen/polynitrogen compounds
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“FOX-7" (1,1-diamino-2,2-dinitroethylene)
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Technical issues being addressed using CCM

1. High-nitrogen/polynitrogen compounds

Objective: identify, characterize, and synthesize stable compounds with high heats
of formation, high densities
- structures, energy content, stabilities, reaction pathways

2. Energetic atomsin solid hydrogen

Objective: stabilize ~5% energetic atomsin solid hydrogen
- stabilities, mobilities, concentration limits of atoms stored in hydrogen matrices

3. “FOX-7"

Objective: identify, characterize, and synthesize stable compounds with high heats

of for mation, high densities

- role of hydrogen bonding in reduced sensitivity, importance of non-additive
inter/intramolecul ar interactions, decomposition mechanisms
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Polyhedral oligomeric silsesguioxanes -- next generation plastics

Molecular Silica AsAdditives _ _
) Reactive G Heat/abrasion resistant paints and coatings
Acrylics Re bl .7 eactive Group Mechanical property/viscosity/thermal modifiers
o-Olefins D";S(i;. Si Crosslinking agents
R /70~ _0\ . Fire retardants
Sig sil” o Styrenics

a-Epoxides &~ / | B . |

0 g\ 0 / Chlorosilanes  AsPlastics As Preceramics
Isocyanates \ 0-S~o-/—§~q At Medical materials Ablative materials (nozzles, insulations etc.)

,Si{-._‘ o—351" 0 minosiianes Space resistant resins Claddings/el ectronics coatings

Alkoxysilanes Packaging/coatings Precursors to glassy or ceramic matrices
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Silanes / 1 \ Electronic materials

Silanols Organo-halides  Optical Plastics

Phenols

Organo-alcohols
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Technical issues being addressed using CCM

1. Mechanisms of formation

Objective: rational design and synthesis of POSS
- role of solvents, acid/base catalysis, substituent effects on mechanism of formation

2. Potential applications as molecular “ sieves’

Objective: determineif POSS cages can be used to separ ate small molecules
- determine barriers to encapsulation of N, and O,
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Non-linear optical materialsfor laser-hardened applications
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Technical issues being addressed using CCM

1. Mechanism of rever se saturable absor ption (RSA)

A
S — . Key Components of RSA
n
Strong Strong Ground state spectra (linear response)
P Singlet-triplet splittings (I SC, phosphor escence)
& S1—3 ISC
- e T1 | lonization potential (photoionization)
Weak Triplet
Excited triplet spectra (NLA)
So 4
Singlet

Five-level model for nonlinear absorption
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Technical issues being addressed using CCM

2.“Tuning” of absorption spectrum by benzannulation, halide substitution

System Property

X R [P So-Sn S-T1 T1-Tn
PH> H H EC EC E,C E,C
ZnP H H EC EZC E,C E,C
TPPH> H f EC EC E,C E C
ZnTPP H f EC EC E,C E,C
ZnTPPBrsg Br f C E,C E,C E,C

|P = lonization Potential, S;-S,,= Ground State Spectrum,
Sy-T,=Singlet-Triplet Gap T, -T,= Triplet-Triplet Spectrum
E = Experiment, C = Calculated

10
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1. Abinitio eectronic structuretheory

- General Atomic and Molecular Electronic Structure System
(GAMESS) -- a CHSSI code

- Nuclear-€electronic orbital approach (NEO) for including nuclear
guantum effects (important, e.g., in proton transfer reactions)

Various computational techniques are employed to solve the
molecular electronic Schrodinger equation from quantum mechanics:

e 1
5 -
B 2

Categories of approximate solutions:;
a) “Sdf-consistent field” (SCF): reasonably good geometries
b) “Electron correlation”: post-SCF correction, required for reliable
energetics (e.g., barriers).

11
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1. Abinitio eectronic structuretheory (cont.)

- Most electronic structure codes use Born-Oppenheimer (i.e.,

“clampled nucla”) approximation -- NOE method treats specified
nuclel at QM levdl.

Nuclear-Electronic Hamiltonian

Nel_, NeNeZy NelNe |
Htot(rearq;rc) o _EEV-; _Ez_+z e ©
1 i A T4 i f>i Vg
N N N, N
1 e Ne £ 477 Pool ZIZJ
- L e=VitE Y +3 3
T 2M; T A Tia T >l TIJ
NENPZI Nc Nc ZA B
== N s,
i I Tif A B>4 TAR

. number of electrons (coordinates r.)
: number of quantum nuclei (coordinates r;)
: number of classical nuclei {coordinates r,.)

223
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Ab initio electronic structuretheory

Current Status of parallel GAMESS
RHEF ROHFE UHF GVB MCSCF

Energy cdp cdp cdp cdp cdp
Analytic Gradient cdp cdp cdp cdp cdp
Numeric Hessian cdp cdp cdp cdp cdp
Analytic Hessian cdp cdp - cdp -
MP2 energy cdp cdp cdp - C
MP2 gradient cdp - - - -
Cl energy cdp cdp - cdp cdp
Cl gradient cd - - - -

c = conventional disk storage of AO integrals
d = direct evaluation of AO integrals
p =run in parallel

13
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Ab initio electronic structuretheory
MP2 Gradient Scalability Test

Silicocene molecule, Si(C5H5)2

I I ) I
50 b [ ) 123 AOs ]
A 189 AOs Speedup relative to 1 CPU
| ®  219A0s P °
70 F * 369 AOs J
v 539 AOs
60 F Speedup relative to 4 CPUs i
50 | 1
Q. |
>
8 | -
o 40
%) |
30T 7
a
20 Speedup relative to 16 CPUs _-
L 4
10 1
’ v
0 Speedup relative to 32 CPUs ]
[ ! . 1 . 1 . !
20 80 140 200 260

CPUs 14



A 2
A 4 THEORETICAL METHODS

%
o

Path Integral Molecular Dynamics & Centroid Molecular Dynamics
(CHSSI codes)

Simulation methods based on path integral techniques for mapping
guantum particlesonto “ polymer ring” of classical quasiparticles

- >

Each “real” particleisreplaced by N ( 50<N<500) quasiparticles;
classical dynamics done on collection of quasiparticles=> natural,
efficient parallelism.
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Path Integral Molecular Dynamics & Centroid Molecular Dynamics
Code Scaling
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High-nitrogen/polynitr ogen compounds

Predicted DH; = 457 kcal/moal, 14, = 240 sec
(I for hydrazine = 233 sec)

Predicted DH, = -60 kcal/mol, calculation of reaction barrier underway

Computational requirements. ~60,000 node-hrs, ERDC T3E, 64 GB memory

17
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Atom-doped solid hydrogen

6.25% B atomsin solid para-H

Previous key results

1. InsH,, B atoms more stable than
Li atoms

2. No recombination of B atoms
seen at concentrations up to 6.25%.

3. “Forced” recombination of B
atoms does not trigger phase
separation.

Computational requirements:

~50,000 CPU-hrs, MHPCC IBM SP

S. Jang, S. Jang, and G.A. Voth, J. Phys. Chem. A, 103, 9512(1999)
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Atom-doped solid hydrogen

How important is the orientational dependence of B-H,, interactions in B/sH,?
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RESULTS-HEDM

Atom-doped solid hydrogen

B-H, pair correlation function

B-H, interaction energies (cm'?)

_TLHE —— spherically averaged potential
F AW - orientation dependent potential
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FOX-7 (1,1-diamino-2,2-dinitroethylene)

Advantages:
H2N NO> - Chemically balanced
\ / wrt decomposition
C——C products (2CO + 2H,0 +
/ \ 2N,)
H,N NO, - Lovx_/e_r .impact/shock
sensitivity than other
l;, = 254 sec (calculated) C,H,,0,,N,, compounds

DH, = -9.5 kcal/mol (G2(MP2)) (e.g., RDX and HMX).
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Development of a solid-state force field: calibration of theoretical methods for computing bond
dissociation energies

140 | --m-- B3LYP ]
—— MP2
ol G2(MP2)*
---e--- CCSD(T)

—=x= MCQDPT(2)
) from Politzer et al.

130

,,,,, HPC Requirements. 2 CPU-
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M echanism of formation

Key steps
1. Hydrolysis of RSiX; (R=H,CHg,t-butyl,etc.; X=CI)
RSICl; + H,O® RSICI,OH + HCI
RSICI,OH + H,O® RSiCI(OH), + HCI
RSICI(OH),+ H,O ® RSi(OH),

2. Condensation of RSi(OH), to disiloxane D4
2 RSI(OH);® R(OH),SiOSi(OH),R + H,0O

LY

3. Condensation of disiloxane to D3,D,
RSI(OH); + R(OH),SIOSi(OH),R® D3+ 2H,0

[2+2]: 2R(OH),SIOSI(OH),R® D, + 2H,0
[3+1]: RSI(OH);+ R(OH),SIOSI(OH),R® D, + 2H,0O
Ring Expansion: RS (OH); + D;® D, + H,0O

4. Condensation of D5, D, to POSS (in progress)
2D, ® Tg+ 4H,0

23
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Kudo, T., Gordon, M.S. J. Am. Chem. Soc., 120, 11432 (1998)
Kudo, T., Gordon, M.S. J. Phys. Chem. A, 104, 4058 (2000)
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Nuclear quantum effectsin proton transfer reactions

L] 52 & L Mcnomer Reactive Transition cPU
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Molecular “sieves’: preferential capture N, vs. O,?

C4v
TSstructure of T4+ O,
C2v
D,,
D,
133:32 24509 204,68 116.79 T, and T, calculationsin progress
‘ HPC requirements. ~50,000 node-
| Oy hrs, AHPCRC T3E, 256 GB

«— N, + T8 + O, —>
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B3LYP S,-T, Excitation Energies(in eV)

System 6-31G(d) Error EXp

Porphyrin (13B2y) 1.42 0.16 1.582
Zinc Porphyrin (13B1y) 1.65 0.07 1.720
Tetraphenylporphyrin (138 1) 1.31 0.14 1.45C
Zinc Tetraphenylporphyrin(13B1) 1.53 0.06 1.59d
Zinc Phthalocyanine (13B5y) 1.05 0.08 1.13€
Zinc Tetrabenzporphyrin (13B1y) 1.41 0.16 1571
Phthalocyanine (13B1,) 1.18 0.06 1.249
Mean Error 0.10

aGouter man, Khalil, J. Mol. Spectrosc. 1974, 53, 88. (EPA (5:5:2) mixture of ethyl ether to isopentane to ethanol)
and 50% ethyl iodide at 77 K) PGradyushko, Tsvirko, Opt. Spectrosc. 1971, 31, 291.(EPA at 77 K) Gouter man,
Khalil, J. Mol. Spectrosc. 1974, 53, 88. (EPA at 77 K)9Walterset al., J. Phys. Chem. 1995, 99, 1166.(1:1 mixture of
ether to ethanol at 77 K) eVincett et al.,K. E. J. Chem. Phys. 1971, 55, 4131. (1-chloronapthaleneat 77 K) 'Bajema,
Gouterman, J. Mol. Spectrosc. 1971, 39, 421 (octane at 77 K) M cVieet al., J. Chem. Soc. Faraday Trans. || 1978, 74,
1870 (1-chloronapthalene at 77 K)

27
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RESULTS-NLO

Comparison with Experiment: ZnPc
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High Energy Density M atter

- High-nitrogen/polynitr ogen compounds ar e mor e ener getic than hydrazine.

- Inclusion of anisotropic interactions of B atomsin sH, predict greater stability
than spherical interaction model.

- Extensive networ k of hydrogen bondsin FOX-7 may beresponsible for lower
shock, friction sensitivity relativeto HM X, RDX.

Polyhedral Oligomeric Silsesquioxanes (POSS)

- Proton transfer reactions for hydrolysis and condensation ar e catalyzed by
water.

- Alkyl substituents (R) in RSiX; have minor effects on hydrolysis and
condensation reaction barriers.

- Nuclear quantum effects are important in proton transfer reactions-- lower
barriersby >5 kcal/maol.

- Tgistoo small to encapsulate N, or O,.

29
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NL O materials

- Time-dependent density functional theory accurately predictsNLA in
porphyrins.

- Computed triplet-triplet excitation energies within 0.1-0.4 eV of experiment

- Computed singlet-triplet excitation energies within 0.1-0.2 eV of experiment

- Computed ionization potentials accurate within 0.1 eV of experiment

30
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